Research on Evaluation Slips and Falls Base on COM Fluctuation  by Su, Hai-long et al.
 Procedia Environmental Sciences  12 ( 2012 )  1157 – 1163 
1878-0296 © 2011 Published by Elsevier B.V. Selection and/or peer-review under responsibility of National University of Singapore.
doi: 10.1016/j.proenv.2012.01.402 
2011 International Conference on Environmental Science and Engineering     
(ICESE 2011)  
Research on Evaluation Slips and Falls Base on COM 
Fluctuation
Hai-long Sua,b, Da-wei. Zhanga,Jia Lia
a School of Mechanical Engineering, Tianjin University, Tianjin, China 
suhailong@tust.edu.cn 
b School of Mechanical Engineering, Tianjin University of Science&Technology, Tianjin, China 
medzhang@tju.edu.cn 
Abstract 
To investigate the frequent slips and falls in older adults of myasthenic lower extremities, a method was proposed that 
could analyze the process of slips and falls with the modified peak of required coefficient of friction(RCOF) and the 
amplitude of the body center of mass(COM). This method, based on the lower extremities dynamic model by Kane’s 
equations, can be used to rapidly detect parameters in each gait cycle, and analyze every instantaneous balance status 
during walking. According to the results, the critical point thresholds of slips and falls have been judged and verified 
and the theoretical groundwork for slips and falls’ gaits in older adults of myasthenic lower extremities has been 
established. By comparing the experimental data between no myasthenia and myasthenic older people, myasthenic 
older people’s gaits became more and more unstable because of the weak neuromuscular control. For it, slips and 
falls more easily occur on myasthenia older people. The experimental data show that the method can well and 
effectively describe the process of slips and falls. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1.Introduction 
Falls are a major threat to the independence and quality of life of older adults. Nearly one-third of 
people 65 years or older who live in their own homes fall each year. Fearful of such an outcome, older 
adults often restrict their activity to avoid the risk of falling. Unfortunately, this very behavior actually 
increases the risk of falling by causing loss of muscle and strength. 
With age, normal adults, especially the elderly people will be decreased muscle strength and reduced 
joint activity. In particular, lower limb’s muscle strength decrease leads to insufficient balance and gait 
instability and it will have a direct impact on human activity, resulting in the risk of slipping. Special 
consideration is given to people age 65 or older because this is the population of adults at highest risk for 
falls[1]. And indoors, fallings in old adults also occurred in the regular activities of the room, such as 
Available online at www.sciencedirect.com
 201  Published by Elsevier B.V. Selection and/ r peer-review und r r sponsibility of National University of Sing por .
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1158   Hai-long Su et al. /  Procedia Environmental Sciences  12 ( 2012 )  1157 – 1163 
bedroom and kitchen. 
According to statistics, for the 57 million persons injured in 1985, the cost amounts to $157.6 billion, 
or $2,772 per injured person. Direct expenditures for hospital and nursing home care, physician services, 
drugs, and other medical and rehabilitation services amount to $44.8 billion or $790 per injured person[2]. 
while the study in 1994, Englander, who updated the data fall damage for each person to spend $7,399, 
which falls in the elderly population throughout the United States, the damage the total cost of 202 billion 
dollars[3]. Fall that can cause brain damage, soft tissue injuries, fractures, dislocations and other injuries, 
is a matter of paying attention to the issue of elderly care. 
Much research has been done on gait and balance control in the older adult population. Tang[4]
compared the old and the young people’s the different reactions produced when slipping during walking, 
and found that slow reaction time and muscle strength of older people who are more likely to cause a slip 
and fall are major factors. Meyer[5] focuses on dynamic stability. In dynamic stability, both the base of 
support and COM are in motion, and effective balance function is required. Kemoun[6] investigated the 
kinematic and kinetic characteristics of walking in healthy non-faller elderly in order to develop 
predictive parameters for falls and found that subclinical gait parameters occur in older people. 
Didomenico[7] and Droegemeier[8] studied on the relationship between the displacement of the heel 
touching the ground after slipping and the subjective evaluation of events. Yang[9] Studied on human 
balance strategy of trans-femoral prosthesis users during slip gait and its application. Under summary of 
done work, the dynamic model of the lower limb with Kane equation was proposed and gave the 
calculation method of the amendment maximum slipping friction coefficient during the process of the 
body balance adjustment, slip and fall response factors. 
2.Model description 
The lower limb are composed of hipbone, thighbone, patella, shankbone, fibula and foot bones, 
including the three largest joints of human body(hip, knee and ankle joints). The human hip joint is the 
largest and one of the most stable joints and also is a typical ball mortar joints. 
The lower limb musculoskeletal model is 3-link and 3-rotation-freedom joint model. Assuming that 
the lower limb was in uniform motion relative to the inertial reference system during the experiment, that 
is constyx ss    . Then it has 6 degrees of freedom, and hip is 3, knee is 1, ankle is 2. The motion 
parameters of the lower extremity walking model was defined in Figure 1, and ),( ss yx  is the 
generalized coordinates of the lower limbs and torso center of ball and socket joint connecting, 
respectively, thigh, calf and ankle joint angles. )6,,2,1( " iiT  are generalized coordinates of the thigh, 
leg and foot joint ankle. )3,2,1(,,  iJlm iii are the quality, length and moment of inertia of thigh, leg and 
foot. The dynamic equation of walking model by Lagrange kineic equation will be established[10,11]. 
       ),,,,()( FMGqqq
 BqJ                             (1) 
Where, 
66)( uRJ q  is the inertia matrix for the lower limb. 
T],,,,,[ 654321 TTTTTT q  is the 
generalized coordinates for the 6 degrees of freedom array, and 
Tgmgmgm ],,[ 321 G  is the mass matrix for 
the lower extremity. 
T],[ 21 FFF   is the matrix of the ground reaction force from force platform and 
T],,[ 321 MMMM  are the driving torques within the joints. Taking into account human walking is the 
periodic motion between left and right led alternately, as listed above kinetic equation suits to the left 
leg(Figure. 1). 
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Figure 1. Kinematic parameters of lower limb 
3.Slip and fall principle 
There are two phases during people’s walking, including slip and fall. In order to obtain the kinetic 
parameters, equation Kane and the generalized velocity of joint angle are used to facilitate the kinetic 
equations. Figure 2 shows the Kane equation based on the human lower limb during waling bionic model, 
and the parameters in Fig. 2 as follows: (1) the subscript L and R represent the left and right led, H, K and A, 
respectively, the hip joint, knee joint and ankle joint; (2) Cr represents the centroid of each rod; (3) let the 
hip rotation center of the orthogonal unit vector )3,2,1(  iih , and their definition are uniform to the inertial 
reference system O. There are a group of orthogonal unit vector( Lik , Rik , Lia , Ria , Lie and Rie )3,2,1(  i ),
while subscript 1 unit vector pointing the direction of rod length. 
Assuming the distance between 3-rod centroid and the joint rotation center is 1r , 2r  and 3r
respectively, the walking kinetic equation could be obtained according to Kane equation. 
Figure 2. Parameters of lower limb based on equation Kane
Because of both sides of the legs being similar with kinetic equations, the left leg side of the 
equation is to be written only. Selecting three generalized velocity as follows 
HLhu T ˈ KLku T ˈ ALau T                         (2) 
Thigh, leg and foot rod angular velocity, respectively 
   3hȦ hh u 3Lkk u kȦ  3Laa u aȦ                      (3) 
Containing the generalized active force (torque), the generalized inertia force (torque) and the 
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ground reaction force (moment) from force platform, the Kane dynamic equations are 
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Where, )(rCrF  and 
)*(r
Cr
F  are the joint generalized active force and the generalized inertia force 
suffered on the centroid rC , and 
)(r
Cr
M  and )*(rCrM  are the joint active torque and generalized 
moment torque of inertia suffered on the centroid rC . According to equation (4) to determine the 
three unknowns hu , ku and au , so while walking the instantaneous state of motion, any data can be 
determined from the above equations. 
3.1. Slipping process based on equation Kane 
Slip is required to estimate by the sliding friction coefficient (Required coefficient of friction, RCOFf ), 
and its peak value is the maximum friction coefficient (
maxRCOF
f ). Maximum friction coefficient is the 
course of normal walking, slipping does not occur in the case of foot and the ground must be able to 
provide the maximum coefficient of friction. It is completely determined by the characteristics of human 
gait, and ground conditions nothing. When the ground can provide more than 
maxRCOF
f  real friction 
coefficient, slipping occurs, while no slipping. 
maxRCOF
f  may reflect in the gait characteristics of 
integrated ground reaction force, moreover it can serve as a slip risk criterion. 
According to the 3-rod walking model, a modified formula was uesed to calculate to RCOF of the 
left leg during walking[9] 
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Where, 2F  is the GRF of the left foot and 3LC
F
 is the inner joint driving force of the left foot-rod. 1Le
and 2Le  are the unit vectors of the left foot-rod end respectively. The formulas contain the angle 
relationship between the foot-rod and GRF, ankle dorsiflexion, so it could reflect the critical state about 
body posture parameters when slipping and falling. 
3.2 .COM characteristic during walking 
Human walking process is a dynamic equilibrium at all times maintain the instantaneous process, so 
people’s COM will show the fluctuation of changes during walking. But the stable COM changes during 
walking for the individual, there is a defined range. When walking the centroid location of the individual 
beyond the scope of a transient, slipping may occur even fall. As the nervous system there is a big delay 
from the feedback received (0.15 ~ 0.25s), the human foot center of pressure (COP, Center of plantar) and 
COM control coordination between the joint stiffness is accomplished, with the stiffness control joint 
angle changing start immediately. Almost simultaneously with the COP and COM to move, and the 
amplitude of COP movement greater than the COM’s, the difference with the level of acceleration is 
proportional to the COM. Because COM and hip rotation center can be seen as rigid connection during 
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the walking process, COM could be calculated by the hip rotation center. 
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Where, )3,2,1(  iri  is the distance between thigh-rod, leg-rod and foot-rod and each the joint rotation 
center. 
3LC
F  is the generalized active force(including force platform reaction force) of the foot-rod, and 
other parameters refer to Fig. 2. The relationship between any transient ground reaction force and 
absolute speed of the hip joint center could be obtained by Formula (7). On the basis, corresponding to 
different individuals walking the COM position will be appropriately compensated we can derive any 
instantaneous value of COM. 
4.Experiment 
A laboratory study was conducted to examine gait changes associated with aging and the effect of 
these changes on initiation of slips and frequency of falls utilizing newly defined biomechanical 
parameters of slips and falls. Fifty-six participants(42 male and 14 female, average age 64.52 and min 60, 
max 72) from two groups(non-faller and five or more minor slips at least in the past year) walked around 
a straight track at a comfortable pace wearing a safety harness. These old people are retirees and can take 
care of themselves, moreover they have no other organic diseases that affect their daily walking activity. 
Table 1.  Comparison of fRCOF and fREAL
maxRCOF
f
maxREAL
f
Normal
Stance phase 0.139 0.151 
Swing phase 0.106 0.125 
Begin slipping ü ü
Myasthenia 
Stance phase 0.128 0.146 
Swing phase 0.096 0.118 
Begin slipping ü 0.083 
From Tab. 1 the comparison experimental data of the two groups fiction coefficient are shown. 
Because of the myasthenia lower limb, older adults’ gaits has been affected and could be more prone to 
slip and fall compared with the normal elderly. 
Table 2.COM changes during walking
COMmin COMmax
Normal
Stance phase(m) 0.0153 0.0164 
Swing phase(m) 0.0362 0.0407 
Myasthenia
Stance phase (m) 0.0161 0.0173 
Swing phase (m) 0.0403 0.0429 
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Figure 3.  Gait characteristic of yCOM
Because of the elderly’ muscle weakness decrease in neuromuscular control, according to Tab. 2, gaits of 
these elderly are tend to be unstable and the ability to balance recovery is becoming to gradually descend 
after slips and falls. In Fig. 3, the value of COMy fluctuation of two groups of subjects in a gait cycle. The 
value of COM fluctuations are lager than the normal elderly indicating that part of the swing phase is 
more difficult to control gait body posture. When the stance phase and the swing phase alternating, 
especially in the early swing phase(0.26s-0.40s after starting), the longitudinal gait fluctuations are bigger. 
Taking into account 
maxRCOF
f >
maxREAL
f , silps and falls begin at this time for the myasthenia old adults. 
5.Conclusion 
Based on analyzing the slips and falls between lower extremity normal old adults and myasthenia, a 
dynamic walking model aiming at the slips and falls phenomena was established and a new calculation 
method that could determine RCOF was proposed. The equation of COM position was derived by the 
dynamic model, besides the experimental data were gained to verify the dynamic model. In conclusion, 
the maximum RCOF can be analyzed to judge and predict the slips and falls, however the whole body 
COM characteristic during walking provide a theoretical reference to slips and falls events. To better 
predict slips and falls, factors influencing recovery of slips and falls should be examined (such as 
musculoskeletal strength, and sensory information). 
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